Iron oxidation in air flux has been studied and the iron response to laser radiation has been evaluated. Effect of cooling rate on the oxide formation has been demonstrated. The Mössbauer conversion electron spectra have shown that a larger amount of oxides is formed in the surface layer. Any clearly expressed temperature dependence of the oxidation process has not been observed. It has been experimentally determined that the oxide amount depends upon the sample collection site.
Introduction
Iron is an active and easily oxidized element. As a result of its corrosion about 20% of all metallurgy production is lost yearly worldwide. This aspect calls for detailed investigation of oxidation processes. Using some materials in an aggressive environment requires special coatings or special alloy compositions [1] .
Iron oxides are usually regarded as products of a harmful corrosion process. At present the oxides have also found numerous practical applications and the investigation of oxidation processes is of utmost importance. One of promising methods to investigate oxidation and to obtain new results is the iron and steel interaction with laser radiation in air. Mössbauer spectroscopy can provide useful information at an atomic level. Nowadays non-traditional methods of producing iron compounds are employed. These are the laser synthesis from the mixture of various elements, the synthesis of nanoparticles from plasma and solid-state reactions in ball mills [2] [3] [4] . These synthesis routes are closely related to oxidation processes. The production of magnetic nanocrystalline particles is widely investigated at present [5, 6] . It has been demonstrated that material synthesis and its modification using laser radiation offer some advantages [7, 8] .
The main objective of the present work is to study iron oxidation in the air flux employing laser pulses of medium (milliseconds) duration.
Experimental procedure
Samples for investigation were prepared using low carbon (0.01-0.02 at. %) 0.3 mm-thick steel ribbon, chemically pure iron powder, and furnace-fired clay. The steel ribbon was cut in a manner schematically shown in Fig. 1(a) . The original material was processed with 2 ms Nd : YAG laser pulses having 150 Hz frequency and the overall power of up to 200 W. The radiation was focused onto a 0.3 mm diameter area. The sample was moving at a 0.4 m/min speed with reference to the laser beam, the absorbed power density reached (3-9)·10 4 kW/m 2 , and 1-4 atm. pressure air flux was blown. A special nozzle controlled the air flux focusing. The air flux carries off the metal melt from the cutting slit and optimizes the cutting rate and energy. Aluminium foil substrates collecting the material under investigation are placed under the cutting slit at a 10-100 mm distance. The oxidation conditions were controlled by varying the slit-substrate distance.
The pure α-Fe powder ( Fig. 1(b) ) was placed onto a massive (100×100×10 mm 3 ) copper substrate. The iron powder size was 1-2 µm, the coating thickness reached 0.1 mm. The 12 cm 2 area covered with powder was irradiated with the scanning laser beam by virtue of a mobile table with a copper substrate. For all samples the scanning rates were the same, but the samples were collected at different sites. The temperature calculation on the ribbon surface and in deeper layers (Fig. 2) was carried out according to the method presented in [9] . The clay was fired in a furnace in air at 1300 K for 2 hours. The laser irradiation scheme of a 30×40×5 mm 3 fired clay slab is presented in Fig. 1(b) . The clay samples for Mössbauer studies were prepared by scraping off the surface layer. The sample thickness was 60 mg/cm 2 according to the total clay mass.
The phase composition of corrosion products was determined from the Mössbauer spectroscopy data. The Mössbauer spectra were recorded at room temperature in the transmission geometry using a constant acceleration spectrometer with a 57 Co-Rh source. The sample surface layers were studied by recording the Mössbauer conversion electron spectra (CEMS). 
X-ray studies
The Mössbauer effect-based phase analysis showed the existence of iron oxides. In laser-treated samples their content reached tens of percent. Seeking to better evaluate the peculiarities of the sample structure dispersion, we performed an additional structure-phase analysis using X-ray diffraction. The X-ray diffraction studies were accomplished using Cu K α radiation. Diffractograms of samples of the original iron and laser-treated samples are presented in Fig. 3(a, b) . A more pronounced peak is observed at 2Θ ≈ 44 • . The most intense peaks of γ-Fe, α-Fe and less intense peaks of oxides FeO, Fe 3 O 4 are usually also found in this angle region. Therefore, this reflection can be a sum of broadened peaks of various phases. Comparing diffractograms of original and laser-treated iron, one can see that the 44 • angle reflection is excessively broadened and that of ∼65 • is practically at the background level. The possible positions of iron oxide reflections are marked in Fig. 3(b) , but there one can see only statistical irregularities at the background level. The X-ray diffraction spectrum indicates a rather defective small-grained structure of laser-treated iron. The size of formed grains is limited by the growth rate of generated crystallization centres under cooling conditions. The cooling of samples for 1-2 ms determines not only the grain size but also defectiveness of the grain structure. Usually, oxides are initiated on the grain surface in the form of nanocrystalline deposits. These are not observed in X-ray diffractograms when their sizes do not exceed several tens of nanometres.
Mössbauer results and discussion
Despite different iron oxidation states, the clear-cut structure resemblance is characteristic of all oxides. The composition of three principal iron oxides differs from the stoichiometric composition and in the ideal case they should be FeO It should be noted that each oxide upon redistribution of ion occupancies between tetra-and octahedral sites approaches the structure of one or two other oxides. This is a very easy transition and also the reason for the complexity of the FeO system.
The Mössbauer spectra of samples produced during cutting are presented in Fig. 4 . According to the phase diagram of the FeO system, hematite α-Fe 2 O 3 as well as magnetite Fe 3 O 4 and wüstite FeO can form at high temperatures. During laser irradiation a temperature far above the melting point is achieved (Fig. 2) . The interaction of melt with atmosphere determines initial degree of oxidation which can increase when erosion products cool down and are brought by air flow to the site where they are collected. However, the rapid cooling can reduce the changes caused by oxidation. The cooling proceeds at a finite rate (10 3 -10 5 K/s) and the oxidation and phase fall-out proceed within the range defined by diffusive mobility of sample chemical elements. At rapid cooling down to T < 800 K, the diffusion slows down so that it is possible to sustain the composition and the crystalline structure. Our studied oxides may be metastable at room temperature since their origin is related to the rapid cooling of hightemperature phases. Table 1 shows the phase analysis data of Mössbauer spectra.
The Mössbauer spectrum of the initial sample (Fig. 4(a) ) did not differ from that of α-Fe. The singlet, doublet, and ferromagnetic sextets are observed in the Mössbauer spectrum of laser-treated iron samples (Fig. 4(b, c) ). The singlet in the spectra according to the isomeric shift is related to the Fe 1−x O phase. Usually, Fe 1−x O obtained by various methods has structures of different defectiveness [11, 12] . This causes the line broadening as well as some dispersion of the isomeric shift (IS) and quadrupole splitting (∆Q). Doublet is also assigned to wüstite FeO. The parameter dispersion in spectra is related to different conditions of FeO formation in separate samples as well as to wüstite structures with different defectiveness. One of the magnetic subspectra corresponded to the α-Fe sextet with a nearly natural line width and hyperfine magnetic field B eff ≈ 33.1 T (Fig. 4(b) ). Other two (A, Obviously the oxidation is expected to be most intensive at the surface. Therefore, the oxidation degree should depend on the size of erosion products which are blown from the cutting slit. We suppose that the formation of oxides from the melt takes only a very short time during cooling [11, 13] . To check the assumptions of transformation of magnetic oxides at different conditions, the control test was carried out using clay.
Under stationary conditions the clay was fired in air for 2 hours at 1300 K. About 90% of iron was found in various oxides according to the spectrum of the fired clay ( Fig. 5(a) ). In α-Fe 2 O 3 there was 25% of iron, in γ-Fe 2 O 3 5% of iron, in Fe 3 O 4 21% , in binary phase FeAl 2 O 4 3%, in triple phase (Mg, Al)Fe 2 O 4 33%, as well as in paramagnetic phases 13%. The structure of spectra is very complex since clay is composed of multi-structured compounds of various chemical elements. Iron is not the main element in clay, most often it is a substitution admixture. About 87% of iron in clay is in the form of magnetic oxide phases. The paramagnetic phase can be described by two doublets, one of which corresponds to FeAlO 3 (IS = 0.36 mm/s, ∆Q = 0.85 mm/s), the second one, according to its parameters IS = 0.45 mm/s and ∆Q = 1.46 mm/s, is assignable to Fe 3+ ions in dehydrated defective octahedral environment with five neighbours instead of six [13] . The same clay sample was laser-treated. After laser treatment, the relative area of paramagnetic lines increased by a factor of 12 (Fig. 5) . Fe 2+ ion phase fayalite, olivines, ferrigelenites, pyroxenes are formed in the laser-treated clay. Most of them are strongly deformed structures. Magnetic phases in spectra practically disappeared. Due to radiation pulse absorption in a poor heat conductor, temperature-induced changes of the sample structure occur. Table 1 illustrates the changes of the phase composition of the samples obtained cutting the iron ribbon with the laser. The amount of iron in oxides varies from 30 to 60%. Figure 4(c) shows the spectrum of the sample containing a large amount of magnetic oxides. In the first six samples the FeO amount changes insignificantly, the same can be said of Fe 3 O 4 . For other samples the amount of free iron drops down, which implies that more iron is present in oxides. The recorded CEMS spectra of Fe-8C and Fe-9C show that the particle surface is much oxidized (Table 1) . These samples have more of the residual wüstite and this could mean that the surface cools more steeply than the bulk specimen.
Altering the radiation energy, the air flux velocity, and the distance to the deposition site, the amount of unreacted iron changes from 30 to 60% while iron in Fe 3 O 4 increases up to 29%. The material particles are carried off from the cutting site by an air flux and their travel time to the collection site is determined by the air flux velocity. The air flux velocity and the vortex shape have been calculated using appropriate mathematical expressions [14] .
When the sample surface undergoes cooling and lower temperatures are reached, FeO becomes unstable and can decompose into Fe and Fe 3 O 4 . Transmission geometry measurements of sample Fe-9 ( Fig. 6(a) ) gave 34% of iron in FeO, 61% of free iron, and 5% of iron in Fe 3 O 4 . At the surface layer of the same sample, the CEMS spectrum (Fig. 6(b) ) gives 15% of free iron and 25% of iron in Fe 3 O 4 , with the increase in the amount of iron in FeO up to 60%. Let us compare the phase composition at the particle surface (60 nm) and in the whole volume. The surface of sample Fe-9 contained about 2 times less free iron, the amount of Fe 3 O 4 did not increase significantly though the sublattice occupancy ratio A/B in the Fe-9 sample changed from 0.56 in bulk to 0.93 at the surface. The change in sublattice occupancy shows that a significant amount of γ-Fe 2 O 3 oxide is at the sample surface. In general, the amount of paramagnetic phase FeO at the surface of samples is 1.5-2 times larger as compared to the bulk (Table 1) .
We come to the conclusion that at high temperatures during the laser treatment first of all the Fe-O melt is formed at the surface during the iron oxidation, which can decompose to α-Fe and Fe 3 O 4 phases and the residual wüstite on cooling. The amount of decomposition products (α-Fe and Fe 3 O 4 ) depends upon the cooling rate from high temperatures. The sextet corresponded to parameters of α-Fe. The magnetic field at the Fe nucleus was about 33 T, the isomeric shift in reference to iron and the quadrupole splitting was about 0 mm/s. All these parameters imply that we have the impurity-free iron and its lattice is not deformed. The singlet and two doublets correspond to the FeO phase, the sextets correspond to ferrite Fe 3 O 4 , but the traces of α-Fe 2 O 3 phase have not been observed.
For comparison the iron powder was treated under the same conditions as during the ribbon cutting. A good thermal contact between a massive copper substrate and powder secured a sufficiently rapid cooling of the sample down to room temperature (Fig. 2) . 44% of iron in massive magnetite, 24% of free iron, and about 12% of iron in finely dispersed superparamagnetic particles have been found by Mössbauer spectroscopy in the synthesized sample ( Fig. 7(a) ). In addition, a subspectrum with a magnetic field of 43.4 T and having a relatively high intensity (20% of iron) has been observed, which cannot be assigned to any bulk iron oxide. However, this field can be assigned to the subspectrum of 17 nm-sized Fe 3 O 4 particles according to the collective excitation model accounting for the magnetic field reduction in small particles. In order to experimentally check the suggested assumptions, we recorded Mössbauer spectra using the external magnetic field (0.4 T) (Fig. 7(b) ). The 43.4 T subspectrum area decreased 4-5 times in the new spectrum since the field increased the barrier energy of collective excitement in particles and thereby increased the relaxation time of the particle magnetic moment.
The ratio of the magnetite subspectra areas (A and B) should be about 0.5, however, in our sample it is 0.65 and rises up to unity when the sample is placed in an external 0.4 T magnetic field. The relative area of subspectrum of sublattice A increases when the magnetic field is applied and contains the area of supermagnetic particles composed most of maghemite γ-Fe 2 O 3 . The subspectra Fe 3 O 4 and γ-Fe 2 O 3 are difficult to discern in the Mössbauer spectra. Here we are dealing with deposits of finely dispersed 17 nm-sized γ-Fe 2 O 3 particles that take on a more regular magnetic structure in the external magnetic field. The relaxation time of particle magnetic moments gets longer and hyperfine fields at 57 In our experiments, the laser energy density was of little importance. The oxide formation recorded in Mössbauer spectra is rigidly linked with the melt transfer from the cutting slit to the deposition site on the Al foil as well as with the cooling rate after deposition. Oxides are formed at various temperatures. They are the decomposition products or transient compounds in a sequence of physical transitions. Optimal conditions for the oxide formation are short-lived. For comparison we shall use our experimental data obtained under stationary oxidation conditions. The firing was carried out in a furnace in air. The iron powder layer was of the same thickness as in experiments with laser treatment. At 900 K about 20% of Fe was oxidized for 2 hours. Half of the oxidized phase was α-Fe 2 O 3 , the remaining half was γ-Fe 2 O 3 or related to Fe 3 O 4 . At firing temperature of 1100 K, the oxide amount rises to 25-30 %, although the ratio of oxide phase amounts remains the same. At 1300 K, almost all iron was oxidized in one hour, the paramagnetic phases made up only about 10% of the Mössbauer spectrum area.
This rather superficial comparison obviously demonstrates principal differences between traditional and laser-induced oxidation ways. In the case of laserinduced oxidation, the spectrum structure and the phase composition are more complex, the finely dispersed and paramagnetic phases are present.
Conclusions
The amount of oxidized iron in laser treated samples varies from 30 to 60% depending upon the environmental conditions of the melt removal for the laser cutting of the ribbon. In the first oxidation stage, the FeO-wüstite phase has been formed which later partially decomposes into α-Fe and Fe 3 O 4 phases. The amount of iron in wüstite varies within 23-37% and is approximately twice higher at the surface as obtained according to the conversion electron spectra. At the surface the composition of magnetite is more nonstoichiometric or the surface contains more maghemite. The changes in iron oxidation by applying laser irradiation for cutting of the ribbon were compared with those when the laser was applied under the same conditions for the treatment of clay or iron powder. The high temperature over a short time interval is characteristic of laser treatment as compared to furnace treatment. These experiments also show that environmental conditions during cooling are also very important.
